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The molecular dynamics of glucose dissolved in heavy water have been investigated at 280 K by the
technique of quasielastic neutron scattering. The scattering was described by a dynamic structure
factor that accounts for decoupled diffusive jumps and free rotational motions of the glucose
molecules. With increasing glucose concentration, the diffusion constant decreases by a factor five
and the time between jumps increases considerably. Our observations validate theoretical
predictions concerning the impact of concentration on the environment of a glucose molecule and
the formation of cages made by neighboring glucose molecules at higher concentratio804©
American Institute of Physics[DOI: 10.1063/1.1648302

Simple sugar molecules are known to possess importanater hydrogen-bonding network and the dynamics of the
cryoprotective properties, and are produced in response twater resulting from sugar additidn® However, the time
desiccation or freezing by a number of species of plants andcale of the simulations has generally been too small to allow
animals specifically adapted to survive extreme cold omn adequate study of the slow motions of the sugar mol-
drought! The mechanism of this protective activity has beenecules over significant distancelt is therefore important
much debated, with many theories invoking some sort ofo rely for now on an experimental approach to study the
direct or indirect interaction with nanostructural elements ofmolecular dynamics, more specifically, the temporal and spa-
cells such as proteins and membrane bilayers acting as til characteristics of the carbohydrate molecular motion.
water replacemerit® The fact that a number of these sugars, ~ As the temperature is lowered, the molecular motions
such as the nonreducing disaccharides sucrose and trehalo8€CuUr on a time scale that ranges from picoseconds to sec-
have unusually high glass transition temperatures sugges®ds and even beyond. Two powerful techniques are avail-
that dynamical properties may also play a contributing role2ble to probe the molecular and microscopic relaxation pro-
in cryoprotection. In this context, information about the dy- c€Sses: nuclear magnetic resona(i®lR) and quasielastic
namics of sugars under the high concentration regimes assBeutron scatterindQENS, complemented whenever fea-
ciated with such desiccation processes is crucial in the deiiPle by neutron spin-echo spectrometry, the ultimate ap-
velopment of theories of cryoprotection. To reach this goalProach being to combine these two techniques in a comple-
understanding the fundamental aspects of both the dynamidgentary fashion thereby expanding the time scale. In this
and the structure of concentrated aqueous solutions of simpléork we have chosen QENS sin€B we can utilize isoto-

sugars is a necessary first step. Numerical simulations of thically labeled sampleéH and D) to probe dynamics asso-

dynamics and structure of carbohydrate—water systems ha\(/‘éated with specific sites of the sugar or the solvent on a time

been conducted to investigate in detail the change in ths§Cale ranging from picoseconds to ngnosecof&)sfurther )
we can connect a length scale to the time scale by measuring

the dynamics over an extended range of wave veQtirom

dPresent address: Carlson School of Chemistry, Clark University, Worcesteébout 0.1to 15 kl a clear advantage over the present
Massachusetts 01610. . . )

YAuthor to whom correspondence should be addressed. Electronic mai’:\!MR teth_“quesv an(B) we can complement whenever pos-
mis@cnrs-orleans.fr sible existing NMR results such as those of Moran and
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Jeffrey? While several QENS studies have been made onthe [ 7 T T T T
water dynamics in mon& and disaccharidé? solutions [
only a few have attempted to study the sugar dynamics.
Magazu et al'12 reported that at 323 K, well above the
freezing point, the disaccharide molecules diffuse via a ran-
dom jump diffusion mechanism.

We report here results on QENS experiments on solu-
tions of the monosaccharide glucose in deuterated water atg
three molar ratios of glucose:,D of 1:11, 1:20, and 1:55,
corresponding to 48, 33 and 15 wt. %, respectively, of glu-
cose in protonated solutions. The measurements were made
at 280 K, a temperature close to the freezing pdin2§7,

270, and 272 K, respectively, for the three concentrajions
Glucose is an appropriate subject for these studies since it is
the canonical sugar prototype as well as a basic monomeric
component of sucrose and trehalose. Since QENS is sensitive
mainly to hydrogen, solutions of natural glucose in heavy
water were studied in order to accentuate the dynamical sig-
nal from the solute molecules compared with the solvent,
D,0. D-glucose(Sigma Aldrich was first treated with BO

to replace all five exchangeable hydrogen atoms with deute- 0
rium. The sugar was dried and then redissolved ¥®DQo E(ueV)
reach the desired compositions. Samples were loaded in"—QG. 1. QENS spectra of glucose/D solutions for the three concentrations
annular aluminum cans with the annular thickness adjustegk Q=1 A-1. The solid lines represent the two-Lorentzian fits and the
for the scattering characteristics of each soluti@d mm for  dashed lines the individual Lorentzians.

the 1:11 and 1:20 samples and 0.5 mm for the 1:55 sgmple
B e et e motons are decouple, he conesponding como

. . nents of the dynamic incoherent structure factor are convo-
Institute of Standards and Technolo@yIST), made it pos-

|luted with each other and with the resolution function of the

sible to investigate the dynamics at 280 K. Quasielastic scaty strument®? Following the classical study of the water by

tering data were collected with an incident neutron wave- 1,18 the translational scattering function of the

) L Teixeira et a
length of 6.271 A, corresponding to a kinetic energy of 2'08model is represented by a Lorentzian function, wHe(®)
is the half width at half maximum:

Intensity (arb. un

40

meV. The spectrometer was set for an energy transfer3s
meV with a resolution of 1.0eV, over aQ range of 0.36 to
1.52 A1, This energy resolution corresponds to a time scale 1 T (Q)
of 1.3 ns. Data sets were reduced and analyzed with an SwandQ.E)= ————"—.
analysis package provided by the facifify. I'Q)°+E
The scattering was described by a dynamic structure facfhe rotational scattering is modeled on the treatment of
tor that accounts only for the motions of the glucose mol-Sears® for a freely rotating molecule:
ecules. At the three concentrations studied, the incoherent
scattering(dominant at smalQ) from the D,O amounts to
28%, 13%, and 7%, respectively, of the total incoherent scat-
tering. At higher Q the coherent scattering begins to be
significant* and the fraction of scattering from the,O in- xi k(k+1)%/675
creases. However, neglect of the quasielastic scattering from T [K(k+1)%/675]2+ g2’
the D,O is justified by the different time scales of the water ) o ) ]
and sugar motions: in a companion experiment at a time-of¥nereR is a characteristic molecular radius anglis a re-
flight spectrometer on glucose solutions at the same concef@*ation time for rotation. Given the small energy window
trations but with deuterated glucose and protonated Water,@nd lowQ range of the experiment, only the first two terms

we observed rotational relaxation times on the order of 1—2Vere keptin the expansion. The resulting convolution results
ps and diffusion constants on the order of 2_10in two Lorentzian lines for which the width of the first de-

X108 cn/s for the water molecules at 280 K. In ti@ pends only on the translational motion and that of the second

range investigated here, these values correspond to liH8volves both the translational and rotational terms:
shapes with full-widths at half maximum of200-1500

@

3ot<Q,E>=jS<QR>5<E>+k§1 (2k+1)jE(QR)

@)

ueV for the rotational contribution and full-widths ef10— stotal(Q,E):jg(QR) i &

300 peV for the translational contribution. The scattering 7T I(Q)*+E?

contribution from the water thus results in a broad, low-

intensity signal that does not contribute significantly to the +3j2(QR) i h37r+T(Q) )
line shape. Assuming that the different kinds of glucose mo- T [#/3rr+(Q)]?+E?2
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TABLE I. Diffusion coefficients, jump times, and rotational relaxation times
derived from fits with the random jump diffusiofRJD) and continuous
diffusion (CD) models.

80 —

Concentration Model D (10 cné/s) 73(pS) 7 (ps)

60 |

1:11 RJD 4.50.1 78+4 ~18
1:20 RJD 12.30.2 253 ~9
1:55 RJD 25.20.2 0.4-0.6 =2
1:55 CD 25.1+0.2 =2

FWHM (peV)

respectively forr,. The fit for the 1:55 solution did not
include a second Lorentzian because the intensity was not
significantly greater than zero; its FWHM must be at least
200 eV if the line is not to have significant intensity in the
energy transfer window, corresponding to a rotational corre-
lation time =2 ps which is similar to the values for water as
discussed above. Both the glucose rotational relaxation rate
and the glucose diffusion constant are thus decreasing
FIG. 2. The full-width at half-maximum of the narrower Lorentzian line vs Strongly with increasing glucose concentration. A substantial
Q? for the three concentrations. The solid lines represent the fits discussed imcrease in the jump time is also evident. Similar diffusion
the text. rates for fructose and glucose at high concentrations at simi-
lar temperatures have been observed by pulsed field gradient
Two Lorentzian lines convolved with the instrumental solution NMR. Moran and Jeffrey observed a diffusion rate
resolution were used to fit the observed spectra for albf 6x 10 7 cn?/s for a 40 wt. %(1:15 glucose solutiof.
samples. Since the width of the broader line was larger thaRampp et al?® observed a diffusion rate of 2.8
the energy window, it was held constant for @. Typical X 10" 7 cnf/s for a 50 wt. %(1:10) fructose solution at 283
spectra for the three concentrations taken at the s@me K and a rate of 9.2 10 7 cn/s for a 30 wt. %(1:23) fruc-
together with the fits of Eq(3), are shown in Fig. 1. The tose solution at 277 K. Comparison with the results of
effect of concentration on the translational diffusion of theRampp et al?* suggests that glucose is less restricted in
glucose is evident: The width of the narrower line decreaseganslation at these higher concentrations than fructose, but a
with increasing sugar concentration, indicating a slowingdirect comparison using similar techniques is still needed.
down of the diffusive motions. The nature and rate of the With increasing sugar concentration, the g|ucose diffu-
diffusive motions of the sugar molecules can be determinegion rate does not S|mp|y slow down but its character also
from I'(Q). In the case of continuous diffusidiBrownian  changes, as the time between jumps increases from a value
motion), the FWHM has a quadratic dependence on Q incjose to zero to approximately 80 ps. In numerical simula-
which the coefficient is related to the diffusion constant,’D: tions of several monosaccharide solutions—particularly at
2T (Q)=2/ADQ2 (4)  sugar concentrations higher than 29 wt. %—Roberts and
Debenedetfi observed plateaus in th@?)(t) plots of the
When the molecule can no longer be assumed t0 bg,qar molecules out to the maximum time of the simulations,
moving via small, fast, elementary jumps, the FWHM varia-, s (comparable with the time scale of the present experi-
tion can be described by the random jump diffusion métiel. meni. They associated this behavior with Brownian motions
The FWHM is then described by a function that depends ony¢ sugar molecules within a “cage” of neighboring sugar

the diffusion constant and a time between jumps, molecules. True diffusion would only set in over time scales

20 |

21D Q2 on which cooperative rearrangements of the cages could oc-
2I'(Q)=—7—. (5 cur, beyond the range of both the simulations and the present
1+DQ%r, experiment. This interpretation was supported by their struc-

The Q dependence of the FWHM at the three concentrationgural analysis of the hydrogen bond network, in which
shown in Fig. 2 could be fit with both diffusion models. sugar—sugar contributions began to dominate at higher con-
Based on the nonlinear dependence of the FWHNQ3ror ~ centrations. Both the trapping timg80 p9 and rms jump
the 1:11 and 1:20 data, the data for the 1:11, 1:20, and 1:5®ngths L= (6D 7;)*>~1.4 A, that we observe at the highest
solutions were fit with the jump diffusion model. The data concentration are consistent with the simulation results and
for the 1:55 solution was also fit with the continuous diffu- also with values derived for disaccharide molecules by
sion model since the values of the jump times determinedlagazu et al!? Thus, the large increase in time between
from the jump diffusion model were zero within the fitting jumps and the slowing down of the rotational relaxation at
errors. The fitted values for the diffusion constants, jumpthe higher concentrations support the prediction of Brownian
times and rotational relaxation times are grouped in Table Imotions of the glucose molecules inside cages formed by
The FWHMSs of the second Lorentzian for the 1:11 andneighboring glucose molecules at concentrations at and
1:20 solutions were 24 and 5@eV, yielding 18 and 8.8 ps, above 1:20.
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